Abstract To investigate the hot plasma effects on the cyclotron-resonant interactions between electromagnetic ion cyclotron (EMIC) waves and radiation belt electrons in a realistic magnetospheric environment, calculations of the wave-induced bounce-averaged pitch angle diffusion coefficients are performed using both the cold and hot plasma dispersion relations. The results demonstrate that the hot plasma effects have a pronounced influence on the electron pitch angle scattering rates due to all three EMIC emission bands (H + , He + , and O + ) when the hot plasma dispersion relation deviates significantly from the cold plasma approximation. For a given wave spectrum, the modification of the dispersion relation by hot anisotropic protons can strongly increase the minimum resonant energy for electrons interacting with O + band EMIC waves, while the minimum resonant energies for H + and He + bands are not greatly affected. For H + band EMIC waves, inclusion of hot protons tends to weaken the pitch angle scattering efficiency of >5 MeV electrons. The most crucial differences introduced by the hot plasma effects occur for >3 MeV electron scattering rates by He + band EMIC waves. Mainly due to the changes of resonant frequency and wave group velocity when the hot protons are included, the difference in scattering rates can be up to an order of magnitude, showing a strong dependence on both electron energy and equatorial pitch angle. Our study confirms the importance of including hot plasma effects in modeling the scattering of ultra-relativistic radiation belt electrons by EMIC waves.
Introduction
Electromagnetic ion cyclotron (EMIC) waves are frequently observed in the Earth's magnetosphere and can be generated near the equator by the anisotropic distribution of energetic ring current protons via cyclotron instabilities (e.g., Anderson et al., 1996; Meredith et al., 2014; Min et al., 2015; Saikin et al., 2015) . EMIC waves usually occur in three distinct emission bands (H + , He + , and O + ) with frequencies just below the corresponding ion gyrofrequency. Pitch-angle scattering by cyclotron-resonant interactions with EMIC waves has long been recognized to be an important loss mechanism of radiation belt electrons (Liu et al., 2012; Ni et al., 2015; Shprits et al., 2008 Shprits et al., , 2013 Shprits et al., , 2016 Shprits et al., , 2017 Summers et al., 2007a Summers et al., , 2007b Thorne & Kennel, 1971; Usanova et al., 2014) and ring current protons (Jordanova et al., 2001; Usanova et al., 2010) . EMIC waves can also heat thermal electrons and heavy ions (He + and O + ) Zhang et al., 2011) and induce efficient scattering loss of central plasma sheet protons Liang et al., 2014) . Further, Shprits (2009) and Cao et al. (2017) found that bounce resonance scattering by H + band EMIC waves can contribute to the diffusive transport of near-equatorially mirroring electrons to lower pitch angles.
The cold plasma dispersion relation (e.g., Stix, 1962) has been widely used in quantifying resonant interactions between EMIC waves and magnetospheric particles (Albert, 2003; Cao et al., 2016; Ni et al., 2015; Summers et al., 2007a Summers et al., , 2007b Xiao et al., 2011) , since it readily converts the wave number to wave frequency that can be directly measured by spacecraft. However, the cold plasma approximation can seriously break down when the kinetic effects introduced by warm or hot plasmas are sufficiently strong, especially, for instance, during periods of substorm injection of hot particles from the magnetotail.
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Key Points:
• Both cold and hot dispersion relations are used in the calculations of EMIC wave-induced bounce-averaged pitch angle diffusion coefficients • Hot plasma effects can significantly influence the scattering loss of radiation belt electrons induced by all the three EMIC wave bands • The differences of diffusion coefficients are caused by the changes of resonant frequency and wave group velocity It has been found that introduction of hot ions can lead to the pronounced modification of the real part dispersion relation of EMIC waves and that the strongest deviations from the cold plasma theory occur in the regions where EMIC waves are either strongly excited or damped (e.g., Chen et al., 2013 Chen et al., , 2011 Henning & Mace, 2014; Silin et al., 2011; Wang et al., 2016) . Lee et al. (2012) showed that EMIC waves can even be excited inside the nominal stop bands of the EMIC wave spectrum in the presence of both hot protons and warm helium ions. Thus, the actual dispersive properties of EMIC waves could be poorly represented by the cold plasma dispersion relation, especially near the frequencies where the waves tend to have the strongest power spectral densities. Under such circumstances, the hot plasma dispersion relation for EMIC waves instead of the cold plasma dispersion relation needs to be implemented in calculations of quasi-linear diffusion coefficients to improve our understanding of the resonant electron scattering by EMIC waves.
This study is aimed at investigating the hot plasma effects on the EMIC wave-induced cyclotron-resonant scattering of radiation belt electrons in a realistic magnetospheric environment. By performing calculations of the quasi-linear bounce-averaged electron pitch angle diffusion coefficients using both the cold and hot plasma dispersion relations, we show that modification of the EMIC wave dispersion relation by hot protons can strongly affect the electron pitch angle scattering. We strongly suggest that the hot plasma effects should be taken into account so as to improve our understanding of the ultra-relativistic radiation belt electron dynamics, particularly during periods of geomagnetic storms and substorms.
Method
By assuming that the particle population can be described by bi-Maxwellian distributions Gary et al., 1994; Stix, 1962) , the hot plasma dispersion relation of left-hand parallel-propagating EMIC waves in a multi-ion plasma consisting of hot anisotropic protons and four cold particle species, that is, cold electrons, protons, He + ions, and O + ions, can be written as (e.g., Gary, 1993; Kozyra et al., 1984; Lee et al., 2017) ck
Here Ω = ω + iω i is the wave frequency consisting of the real part ω and imaginary part ω i , k is the wave number, c is the speed of light, |Ω e | = eB 0 /m e is the electron gyrofrequency, Ω p = eB 0 /m p is the proton gyrofrequency, ε p = m e /m p , m e is the electron rest mass, m p is the proton rest mass, ω pe = (n e e 2 /m e ε 0 ) 1/2 is the electron plasma frequency, e is the electron charge, B 0 is the background magnetic field intensity, n e is the electron number density, and ε 0 is the vacuum dielectric constant. We define η cp = n cp /n e , η hp = n hp /n e , η (1); A hp = T ⊥ /T ‖ À 1 is the temperature anisotropy of hot protons, α ‖ = (2T ‖ /m p ) 1/2 is the parallel component of the thermal velocity, and T ⊥ and T ‖ are the perpendicular and parallel temperatures of hot protons, respectively; ζ = (ω À Ω p )/(kα ‖ ) is the argument of plasma dispersion function Z (Fried & Conte, 1961) . If all the particle species are assumed to be absolutely cold (i.e., the cold plasma approximation), the kinetic linear dispersion relation of parallelpropagating EMIC waves, that is, equation (1), is reduced to
with η p = n p /n e , where n p = n cp + n hp is the total proton number density. Since waves undergo neither amplification nor damping in a cold plasma environment, the wave frequency ω is real.
The Doppler-shifted gyroresonance condition between parallel-propagating EMIC waves and electrons is given by the equation ,
where
is the electron velocity, and v ‖ and v ⊥ are the electron velocity components parallel and perpendicular to the background magnetic field, respectively.
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Since the resonance condition is independent on the perpendicular velocity v ⊥ , we can readily obtain the electron minimum resonant energy E min by setting v ⊥ = 0 (Silin et al., 2011) ,
Equation (4) is derived from equation (6) of Summers and Thorne (2003) by using the approximation ω < < |Ω e |. It follows that E min is strictly dependent on the wave number k and that E min decreases with increasing k value.
The quasi-linear bounce-averaged pitch angle diffusion coefficient 〈D αα 〉 can be expressed as (Summers et al., 2007b )
where τ B is the particle bounce period, α and α eq are the particle local and equatorial pitch angle, and the local pitch angle diffusion coefficient D αα is given by (Summers, 2005 )
where μ = cos α, W 0 ¼ B 2 0 =8π is the magnetic energy density of the background field, and W(k j ) is the wave spectral density. The summation in equation (7) is carried out over the resonant roots of the wave frequency ω j and wave number k j (where j = 1, 2, ⋯, N). For gyroresonant interactions between EMIC waves and electrons, ω j and k j are given by the simultaneous solutions of the Doppler-shifted gyroresonance condition (equation (3)) and the EMIC wave dispersion relation (equation (1) or (2)). In the present study, we assume that EMIC wave spectral density has a Gaussian frequency distribution (Summers et al., 2007b) ,
where ΔB is the mean wave amplitude, ρ ¼
, and ω m and δω are the frequency of maximum wave power and bandwidth, respectively; ω lc and ω uc are the lower and upper cutoffs of the wave spectrum, and erf is the error function. Following the study of Summers (2005) , W(k) in equation (7) can be expressed as
Numerical Results
We start by performing calculations for a particular set of realistic parameters. We focus on L = 4.5, representative of the heart of the Earth's outer radiation belt. The background magnetic field is assumed to be dipolar, and the electron density is adopted from the plasmaspheric density model of Sheeley et al. (2001) . Following previous studies (e.g., He et al., 2016; Meredith et al., 2003; Summers et al., 2007a) , we choose a typical set of ion composition ratios, that is, η p = 85%, η He þ ¼ 10%, and η O þ ¼ 5%. In this study, in addition to four cold particle species (cold e À , p, He + , and O + ), hot anisotropic ring current protons are also included to investigate the kinetic effects of hot plasma on EMIC wave-driven scattering of radiation belt electrons. In Figure 1 , we choose a fixed parallel temperature T ‖ = 25 keV of hot protons and investigate the sensitivity of EMIC wave dispersion curves to the variation of hot proton abundance η hp and temperature anisotropy A hp . The wave The dashed curves correspond to the cold plasma approximation, and the solid curves correspond to the hot plasma approaches for the four indicated sets of values for hot proton abundance η hp and hot proton temperature anisotropy A hp .
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frequencies ω are normalized to the proton gyrofrequency Ω p , and the wave numbers k are normalized to Ω p /v A , where v A is the Alfvén velocity. The cold and hot plasma dispersion curves of EMIC waves are shown as the dashed and solid curves, respectively. It is clearly illustrated that inclusion of hot protons can lead to modification of the EMIC wave dispersion curves. A significant discrepancy between the cold and hot plasma dispersion curves only occurs at relatively small wave numbers for both He + and O + bands, while the discrepancy for H + band dispersion curves can be found for almost all wave numbers. For the considered four pairs of η hp (i.e., 10% or 20%) and A hp (i.e., 1 or 2), the results show that for a fixed value of A hp (η hp ) of hot protons, an increase of η hp (A hp ) tends to result in a stronger modification of the EMIC wave dispersion curves.
On basis of computations of cold and hot plasma dispersion relations, as shown in Figure 1 , we display in Figure 2 the 2-D plots of bounce-averaged pitch angle diffusion coefficients <D αα > as a function of electron kinetic energy E and equatorial pitch angle α eq for the three EMIC emission bands (H + , He + , and O + ). We use a typical Gaussian wave spectrum with an amplitude of 1 nT for each band following previous studies (e.g., Albert, 2003; Zhang et al., 2016) . For H + band waves, ω lc = 0.4Ω p , ω uc = 0.6Ω p , ω m = 0.5Ω p , and δω = 0.1Ω p ; for He + band waves, ω lc ¼ 3:
From the left to right, we show the results for the cold plasma approximation and the hot plasma approach including 10% hot protons with A hp = 1, 20% hot protons with A hp = 1, and 10% hot protons with A hp = 2. Figure 2 shows that, in the cold plasma approximation, H + and He + band EMIC waves can pitch angle scatter multi-MeV electrons at a rate on the order of >10 -2.5 s
À1
, indicating that these electrons are diffused into the loss cone in a time scale less than a few minutes. However, the results of diffusion coefficients in the hot plasmas can be modified by the kinetic effects introduced by hot anisotropic protons. It is shown that inclusion of 10% hot protons with A hp = 1 can decrease the pitch angle diffusion rates of >5 MeV electrons at lower α eq for H + and He + band EMIC waves. As η hp increases to 20% or A hp increases to 2, the pitch angle diffusion rates of >5 MeV electrons due to H + band waves tend to decrease more significantly. For the pitch angle diffusion of >7 MeV electrons induced by He + band waves, the increase of η hp or A hp can enhance the rates of scattering at α eq <~40°and weaken the scattering efficiency at higher α eq . Meanwhile, the increase of η hp or A hp tends to strongly reduce the pitch angle diffusion rates of <7 MeV electrons for He + band waves. Figure 2 . 2-D plots of bounce-averaged pitch angle diffusion coefficients <D αα > as a function of electron kinetic energy E and equatorial pitch angle α eq for (from top to bottom) all three emission bands at L = 4.5, for (from left to right) the cases of the cold plasma approximation and of the hot plasma approach including 10% hot protons with A hp = 1, 20% hot protons with A hp = 1, and 10% hot protons with A hp = 2.
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In addition, there are two pronounced minima of He + band-induced electron diffusion coefficients in the hot plasmas when η hp = 20% or A hp = 2. The corresponding electron energies at which the diffusion coefficients reach a minimum increase with α eq result in two clear gaps in the 2-D plots of the pitch angle diffusion coefficients. While the electron minimum resonant energies due to H + and He + bands are not obviously affected by the hot plasma effects, the minimum resonant energies due to the O + band increase significantly with η hp and A hp . Therefore, O + band EMIC waves are unable to resonate with <10 MeV electrons in the hot plasmas when η hp ≥ 10% or A hp ≥ 1 since the minimum resonant energy exceeds 10 MeV. Overall, the pitch angle diffusion rates of highly relativistic electrons by O + band EMIC waves exhibit a general decreasing trend with η hp and A hp .
In Figure 3 we show the line plots of bounce-averaged electron pitch angle diffusion coefficients <D αα > as a function of equatorial pitch angle α eq at three indicated electron energies corresponding to H + , He + , and O + band EMIC waves. The black dashed curves correspond to diffusion coefficients calculated from the cold plasma approximation, and the solid curves correspond to those calculated from the hot plasma approach, for the three indicated sets of values of hot proton abundance and temperature anisotropy. Figure 3 illustrates that the diffusion coefficients of 3 and 5 MeV electrons due to the H + band is not significantly influenced by inclusion of the hot protons, while the scattering efficiency of 10 MeV electrons undergoes a pronounced decrease, especially at α eq < 40°. For interactions between 3 MeV electrons and He + band waves, the pitch angle scattering at α eq >~20°in the kinetic approach is found to be more efficient than that in the Figure 3 . Line plots of bounce-averaged pitch angle diffusion coefficients <D αα > as a function of equatorial pitch angle α eq at L = 4.5, for the indicated electron energies corresponding to the three EMIC wave bands. The dashed black curve corresponds to the diffusion coefficients calculated from the cold plasma approximation, and the solid curves correspond to the diffusion coefficients calculated from the hot plasma approach for the three indicated sets of values for hot proton abundance and temperature anisotropy.
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cold plasma approximation. Hot plasma effects can cause a significant decrease of the pitch angle diffusion coefficients of 5 MeV electrons at α eq < 50°, thereby resulting in a large difference of up to an order of magnitude in diffusion coefficients between the cold and hot plasma approaches. This indicates that the scattering loss of 5 MeV electrons by He + band waves is seriously overestimated by the cold plasma approximation. For 10 MeV electrons, as η hp increases to 20% or A hp increases to 2, the diffusion coefficients at low α eq increase to speed up the He + band wave-induced electron scattering loss, while the diffusion coefficients at α eq~5 0°to 70°become much smaller. Thus, further work is required to understand how the loss time scale and the pitch angle distribution of these electrons are affected by the hot plasma effects. Figure 3 also illustrates that once contributions from the hot protons are taken into account, O + band EMIC waves cannot resonate with 10 MeV electrons. As well, the resonant coverage of α eq for the cyclotron interactions between O + band waves and ultra-relativistic electrons narrows.
In order to examine the discrepancy in the diffusion coefficients between the cold and hot plasma approaches, we determine the electron minimum resonant energy E min (from equation (4)) and the normalized wave group velocity as functions of normalized wave number k at the geomagnetic equator for L = 4.5. The results are shown in Figure 4 . Figure 4a indicates that E min decreases significantly with increasing values of k and can be less than 2 MeV for a relatively large k. It should be noted that for a fixed k, the corresponding wave frequency ω changes when hot protons are present (Figure 1) . Therefore, for electrons with a fixed energy, inclusion of hot protons can change the resonant frequency and subsequently modify the corresponding wave spectral density given by equation (9). Since the local diffusion coefficient is proportional to the wave spectral density (equation (7)), the change of resonant wave frequency in hot plasmas can consequently influence the electron pitch angle scattering efficiency of EMIC waves.
From equation (9), we can see that the wave spectral density is proportional to the absolute value of wave group velocity v g ¼ dω dk , which suggests that modification of EMIC wave group velocity by the hot plasma effects can also contribute to the discrepancy between the diffusion coefficients in the cold and hot plasma approaches. In Figures 4b-4d , we show the normalized group velocity of the EMIC waves as a function of normalized k for all three emission bands. The black dashed curve corresponds to the normalized group velocity calculated from the cold plasma approximation, and the solid curves correspond to the normalized values calculated from the hot plasma approach for the three indicated sets of values for η hp and A hp . The results clearly demonstrate that the hot plasma effects can strongly modify the EMIC wave group velocity, and this modification becomes more pronounced with the increase of η hp or A hp . For H + band EMIC waves, the significant modification of the group velocity is found at normalized k < 0.2, which corresponds to E min > 5 MeV. The group velocity values for 5-10 MeV electrons in the hot plasma approach are found to be smaller than those in the cold plasma approximation, which can help explain the weaker scattering efficiency of >5 MeV electrons indicated in Figure 2 . For He + and O + band EMIC waves, the most significant discrepancy in the group velocity occurs at normalized k > 0.1, which corresponds to E min < 10 MeV. Since the associated electron minimum resonant energy for O + band in the hot plasma approach is higher than 10 MeV (as shown in Figure 2 ), the modification of the O + band group velocity does not significantly influence the Figure 4c shows the discrepancy in the He + band group velocity curves for E min = 3-10 MeV. When η hp = 20% or A hp = 2, the discrepancies in group velocity become very pronounced and can be larger than 2 orders of magnitude at two specific values of wave number, and two local minima of the group velocity can be found. From equations (7) and (9), we see that the changes in group velocity introduced by the hot plasma effects can result in changes in diffusion coefficients to produce two minima at two specific values of E min where the group velocity itself reaches a minimum. Since E min is obtained by setting the perpendicular component of electron velocity v ⊥ = 0, E min equals the electron kinetic energy E when α eq = 0°. Therefore, for a fixed E min , E increases with increasing α eq . It is expected that electron kinetic energies E at which the diffusion coefficients reach the minimum values increase with increasing α eq . This is consistent with the results of the He + band wave-driven electron pitch angle scattering rates shown in Figure 2 .
Discussions and Conclusions
This study aims to investigate the underlying role of hot plasma effects in the cyclotron-resonant interactions between multiband EMIC waves and radiation belt relativistic electrons by quantifying the bounce-averaged pitch angle diffusion coefficients using both the cold and hot plasma dispersion relations. Since the influence of hot plasma effects on the pitch angle scattering of electrons has a strong energy and pitch angle dependence, future modeling efforts are required to better understand the pitch angle evolution and scattering loss of ultra-relativistic electrons. Inclusion of hot plasma effects causes stronger scattering due to increased rates at some pitch angles and weaker scattering due to decreased rates at other pitch angles. However, these may not simply compensate each other. Scattering rates at higher pitch angles mainly determine the time scale that EMIC waves need to transport high pitch angle electrons to low pitch angles before the electron population reaches the equilibrium state (e.g., Ni et al., 2013) . After the equilibrium state is reached, electrons at different pitch angles start to decay exponentially as a whole, and the associated loss time scale of the total electron population is then mainly controlled by the scattering rate near the edge of the loss cone (e.g., Summers et al., 2007b) . In addition, if EMIC wave scattering is confined to small pitch angles and scattering at higher pitch angles is several orders of magnitude weaker, the loss of high pitch angle electrons may be controlled by this slow scattering to create a "bottle neck" in scattering (Albert & Shprits, 2009; Shprits et al., 2006) .
Since the EMIC wave dispersion relation also plays an important role in EMIC wave-induced cyclotronresonant scattering of ring current protons (Summers, 2005; Xiao et al., 2011) and bounce-resonant scattering of radiation belt electrons (Cao et al., 2017) , it will also be of future interest to investigate the hot plasma effects on these scattering processes. Under geomagnetically active conditions, it is expected that modification of the resonant interactions between EMIC waves and magnetospheric particles by the hot plasma effects will be more pronounced due to enhanced activities of substorm injections. It is worthwhile to point out that, currently, there is certain uncertainty in the models of EMIC waves, including that the exact global distribution of the waves is difficult to obtain. This uncertainty may be comparable to or even larger than the hot plasma effects. When EMIC waves become very intense, it is likely for ultra-relativistic electrons to reach the strong diffusion (Schulz, 1974) , which is limited by the size of the loss cone. Under such conditions, the electron loss rates may turn out to be independent on whether the hot plasma effects are taken into account or not.
It is worth noting that the present study focuses on the effects caused by variations in proton abundance and temperature anisotropy. In fact, a change in proton parallel temperature can also alter the wave dispersion relation so as to affect electron scattering by EMIC waves. Wang et al. (2016) showed that the hot plasma EMIC wave dispersion relation is more sensitive to the variation of proton abundance and temperature anisotropy, compared to the proton parallel temperature. Therefore, here we have selected a typical value of the ring current proton parallel temperature (i.e., 25 keV) to investigate the sensitivity of the EMIC wave dispersion relation to the other parameters. Although only the hot ring current protons are taken into consideration in this investigation, previous studies Henning & Mace, 2014; Lee et al., 2017; Silin et al., 2011) have proved the importance of kinetic effects introduced by warm or hot heavier ions (He + and O + ) to the dispersive properties of EMIC waves. The modification of EMIC wave dispersion curves by warm or
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hot heavier ions could be as important as that by hot protons. Therefore, once warm or hot heavier ions are present, their contributions also need to be included in future quantifications of electron minimum resonant energy and resultant diffusion coefficients in order to improve current understanding of electron scattering losses caused by EMIC waves. This, however, will be left as a future study.
The major conclusions of this study are summarized as follows: EMIC waves to resonate effectively with <10 MeV electrons. 3. Significant discrepancies between the cold and hot plasma approaches are found in the electron minimum resonant energy and pitch angle diffusion coefficients for multiband EMIC waves. The discrepancies are mainly caused by changes in resonant frequency and wave group velocity introduced by the inclusion of hot anisotropic protons.
Our study confirms the importance of including hot plasma effects in calculations of radiation belt electron scattering rates by EMIC waves when the hot plasma dispersion relation deviates significantly from the cold plasma approximation. Clearly, hot plasma effects need to be carefully incorporated into future simulations of radiation belt electron dynamics, especially during geomagnetically disturbed periods. At the same time, we note that during such periods, pitch angle scattering may approach strong diffusion whether or not hot plasma effects are taken into account.
